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Abstract—This article compares studies
that use event-related brain potential
(ERP) and eye movement data to exam-
ine changes in reading behavior when a
text is read twice. Although the types of
information provided by these methodol-
ogies are different, both indicate that re-
reading a text facilitates many aspects of
processing. ERPs provide a method for
measuring comprehension and memory
processes separately, while eye move-
ments provide a continuous record of
performance and allow changes in read-
ing behavior to be localized to specific
words. The results from these studies are
compatible. However, converging evi-
dence is not always found when different
paradigms are contrasted, and diverging
results can provide important informa-
tion. To facilitate comparison across ex-
periments, we suggest using a common
set of materials for both paradigms. We
conclude that comparing the results of
research based on more than one para-
digm provides a more complete under-
standing of the processes involved in
reading.

Reading is a complex skill based on a
collection of mental processes. This
complexity is reflected by the number of
different research paradigms used to
study reading. These methodologies are
based on temporal measures (such as flx-
ation duration and reading rate), mea-
sures of lexical access (such as naming
and lexical decision time), and psycho-
physiological measures (such as event-
related brain potentials, or ERPs). Each
of these measures has made a contribu-
tion to the field, but each has strengths
and weaknesses.

Since different paradigms provide
unique sources of information, there is a
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need to integrate the findings of research
based on different paradigms. The pur-
pose of this article is to report how we
have attempted to integrate the fmdings
from studies using ERPs with studies us-
ing eye movements as measures of cog-
nitive processing during reading. Before
doing so, we first highlight the character-
istics of each measure.

EVENT-RELATED
BRAIN POTENTIALS

As neurons in the brain are activated
and inhibited, they produce extremely
small changes in their surrounding elec-
trical fields. When many neurons act in
synchrony, their electrical fields com-
bine to produce small voltage fluctua-
tions which may be recorded from the
scalp. These ongoing changes in electri-
cal activity are commonly known as the
electroencephalogram, or EEG. An ERP
is formed from the portion of the EEG
which represents the brain's response to
a specific event in time. Because the
ERP is embedded in the EEG signal, the
ERP to a single stimulus can be very
"noisy," or hard to discern. To increase
the signal-to-noise ratio, responses to
similar stimuli are averaged together to
obtain an average ERP response (wave-
form), much as reaction times are aver-
aged together to obtain a mean response
time.

An ERP is described in terms of the
latency and polarity of components in
the waveform. The major peaks in the
waveform are commonly referred to as
components. For example, in Figure 1,
the first component is labeled NlOO be-
cause it is a negative-going peak with its
maximum (negativity) around 100 ms af-
ter stimulus onset (note that negative is
plotted up in Fig. 1). The next two com-
ponents, labeled P200 and P300, are pos-
itive-going waves that peak around 200
ms and 300 ms after stimulus onset, re-
spectively.

An important point is that different
components are often sensitive to differ-
ent types of cognitive processes. For ex-
ample, if an auditory probe stimulus
(i.e., a beep) is presented while a person
is reading, the amplitudes of the NlOO
and P200 responses to the probe are al-
tered by low-level attentional demands,
whereas the amplitude of the P300 re-
sponse to the same probe is altered by
memory demands (Raney, 1993). (We
expand on this example later.) In addi-
tion to changes in amplitude, the latency
of components varies. For example,
within a categorization task, P300 la-
tency increases as the stimulus discrim-
ination becomes more difficult (Gopher
& Donchin, 1986). The appearance of
later occurring components (after 200
ms) is dependent on task demands. For
example, the N400 component (which is
responsive to semantic aspects of a task)
is not apparent in Figure 1. The task rep-
resented in Figure 1 (described later) did
not involve the type of processing
needed to produce an N400.

There are several reasons why ERPs
are useful measures of cognitive process-
ing. First, ERPs are an on-line measure,
and the latency of changes in the wave-
form provides an indication of the timing
of a process. Second, the differential
sensitivity of ERP components to cogni-
tive processes allows evaluation of po-
tentially unique elements or stages of
processing within a single task. Third,
ERPs can be recorded nonintrusively,
because no overt response to a stimulus
is needed to produce an ERP.

EYE MOVEMENTS

When reading text, people alternate
between fixations (the time when the
eyes are stationary) and saccades (the
time when the eyes are moving from one
point to the next). Fixations typically
last between 200 and 250 ms, and sac-
cade length averages around eight char-
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Fig. 1. ERP responses to secondary au-
ditory probes during two readings of a
text. Recording site is C^ (midline cen-
ter). ERP is for high "reading span"
(reading ability) subjects when a speeded
detection response to the probes was re-
quired (based on data from Raney, 1993,
Experiment 1).

acter spaces. Although most saccades
represent forward movement through a
text, regressive movements are also
made in order to reread prior material.
Fixation duration, saccade length, and
number of regressions vary considerably
within subjects, and this variation is tied
closely to processes associated with
reading (Rayner & Pollatsek, 1987,
1989). For example, when a person is
reading difficult text, fixation duration
increases, saccade length decreases, and
the frequency of regressions increases
(Rayner, 1978).

The amount of time spent fixating a
word is commonly reported as two dif-
ferent measures, first fixation duration
and gaze duration. If a reader makes
multiple fixations on a single word, first
fixation duration includes only the very
first fixation. Gaze duration includes all
fixations made on a word before moving
to another word. More than one fixation
might be made on a word if the word is
long or if additional time is needed to
integrate the word's meaning into the
preceding context. Though the two mea-
sures refiect similar processes (Rayner &
Pollatsek, 1987), gaze duration may re-
fiect additional integrative processes that
are not refiected by first fixation dura-
tion.

Eye movements possess several
strengths as a measure of reading behav-
ior. First, monitoring eye movements
produces a continuous, on-line record of

reading performance. This record en-
ables researchers to localize the cause of
changes in performance to specific parts
of a text. Second, and perhaps most im-
portant, eye movements are a natural
part of reading, so no additional or un-
usual task demands are placed on a sub-
ject. Third, multiple aspects of eye
movements may be analyzed (e.g., fixa-
tion duration, saccade length, and fre-
quency of regressions), which provides a
window into different elements of the
reading process.

Although ERP and eye movement re-
cordings represent substantially different
techniques, in many ways their advan-
tages are similar. Both are on-line mea-
sures of performance, neither requires a
response which is not part of natural
reading, and each is a "data rich" mea-
sure which may be broken down into
subcomponents that reflect different pro-
cessing demands.

The ideal situation for comparing
ERPs and eye movements would be to
record both measures simultaneously.
Two limitations on ERP recording cur-
rently make this very difficult, however.
As the eyes move during reading, the
ocular muscles produce substantial inter-
ference in the ERP, To reduce this prob-
lem, ERP studies tend to present sen-
tences one word at a time in a central
location. This procedure eliminates the
need for eye movements, but makes the
reading situation less natural. However,
techniques have been devised to "sub-
tract" out this interference, which may
eliminate this problem in the future (Berg
& Scherg, 1991; Gratton, Coles, & Don-
chin, 1983), Even if this problem is
solved, a potentially more serious prob-
lem is component overlap. The compo-
nents of interest in language studies usu-
ally occur from 200 to 600 ms after stim-
ulus onset. Since the average fixation
duration on a word is 200 to 250 ms,
components of the ERP response to a
word which occur later than 250 ms
could overlap with the ERP response to
the next word. Complete separation of
overlapping responses might not be pos-
sible.

Because recording ERPs and eye
movements concurrently is problematic,
the approach we have taken is to com-
pare the results from separate studies
based on the two paradigms. By investi-
gating similar issues using the two tech-

niques, we have found converging re-
sults regarding some issues, and diverg-
ing results regarding others. This pattern
of convergence and divergence has
served to strengthen some findings while
clarifying others. The following discus-
sion provides an example of how we are
contrasting ERP and eye movement
studies.

COMPARING ERPS AND
EYE MOVEMENTS

The prevailing method for manipulat-
ing processing demands is to contrast
reading performance across two types of
stimuli. In this approach, differences in
stimuli produce changes in mental pro-
cesses. An alternative approach is to ma-
nipulate the situation while holding the
stimuh constant. An example of this is
rereading. When an individual reads a
passage of text twice, there are process-
ing changes associated with the second
reading. Although rereading is a com-
mon behavior, especially in educational
settings, rereading has not been a major
topic of reading research. We feel that
repeated exposure to a text provides an
opportunity to vary naturally the pro-
cesses associated with reading and will
shed light on such processes. In the fol-
lowing discussion, we describe how we
have investigated rereading using ERPs
and eye movements.

Prior research has shown that when a
text is read twice, it is read faster during
the second reading (Hyona & Niemi,
1990). This finding implies reduced cog-
nitive load (processing difficulty) during
the second reading. An important ques-
tion is, what factors lead to reduced
load? The first study we describe used
ERPs to examine this question.

In a series of experiments using a sec-
ondary task paradigm to measure cogni-
tive load during reading (Raney, 1993),
subjects read short passages (the pri-
mary task) while listening to a series of
secondary auditory probes (i.e., beeps).
ERP responses to the secondary probes
served as the index of cognitive load in
the primary task. Two ERP components
were examined: the N1-P2 (defined as
the difference in amplitude between the
NIOO and P200) and the P300. Prior work
had shown that, on the one hand, N1-P2
amplitude refiects low-level attentional
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demands in the primary task, such as at-
tentional focus and stimulus evaluation
(Hillyard & Kutas, 1983). On the other
hand, P300 amplitude had been shown to
be sensitive to high-level attentional de-
mands ofthe primary task, such as mem-
ory updating (Gopher & Donchin, 1986),
For both the N1-P2 and the P300, an in-
crease in the amplitude of responses to
secondary probes indicates reduced cog-
nitive demands by the primary task. If a
second reading demands fewer resources
for both lower and higher level pro-
cesses, both the N1-P2 and the P300
should increase in amplitude during the
second reading. In other words, if read-
ing becomes easier during the second
reading, subjects will notice the probes
more and, consequently, should have
larger amplitude N1-P2 and P300 re-
sponses to the probes.

In the experiments, the subjects' task
was to remember as much of the pas-
sages as possible for later recall. Each
text was displayed one word at a time in
a common location at a rate of 120 words
per min. Two results are relevant here.
First, the amplitude of the N1-P2 in-
creased during the second reading,
which indicates less cognitive load. Sec-
ond, P300 amplitude decreased during
the second reading, which indicates
greater cognitive load,' The change in
N1-P2 and P300 amplitudes can be seen
in Figure 1.

These apparently conflicting results
were interpreted as reflecting task de-
mands and the sensitivity of different
ERP components to different processes.
The N1-P2 was described as reflecting
lower level demands, such as initial per-
ceptual and comprehension processes.
The P300 was described as reflecting

I, Results are presented here only for re-
cording site Cz (midline center). ERPs were
also recorded from two frontal and two pari-
etal sites. The pattern of results for the N1-P2
varied depending on the recording site,
whereas P300 results were consistent across
sites. In addition, results based on the N1-P2,
but not on the P300, varied based on each
subject's reading ability. Half of the subjects
made an overt detection response to the
probes and half made no response to the
probes. N1-P2 amplitude was unaffected by
response condition, but P300 amplitude was
larger in the response than in the no-response
condition.

Table 1. Mean first fixation durations (ms) and gaze
durations (ms) during two readings of a text
(from Raney & Rayner, 1991)

Target
word frequency

Low frequency
High frequency

Low frequency
High frequency

First reading

First fixation duration

287
254

Gaze duration

343
279

Second reading

271
246

314
254

higher level demands, such as memory
updating. Lower level demands de-
creased during the second reading (i.e.,
the texts were easier to read and com-
prehend), whereas higher level memory
demands increased during the second
reading (i.e., more material was held in
memory during the second reading). The
increase in memory demands resulted
from task instructions, which empha-
sized memory of the material. These re-
sults indicate that more than one factor
contributes to processing load during
reading and that these factors may be
separable. The resource demands of
each factor appear to vary depending on
task demands.

This study demonstrates that lower
level processes are facilitated during a
second reading. What aspects of reading
behavior reflect this facilitation? In the
following study, we attempted to deter-
mine the aspects of reading performance
that are facilitated (speeded) during a
second reading.

We (Raney & Rayner, 1991) had sub-
jects read short texts, each twice in suc-
cession, while we monitored their eye
movements. Our goal was to determine
whether a single factor, such as reduced
fixation duration or increased saccade
length, or multiple factors lead to in-
creased reading speed during a second
reading. In addition, we examined
whether the standard word frequency ef-
fect (high-frequency words are read
faster than low-frequency words) is mod-
ulated by a second reading. Of specific
interest was whether changes in reading
performance during a second reading
would apply equally to low- and high-
frequency words. To examine this sec-

ond issue, a target word of low or high
frequency was embedded in each text,
and fixation times for the targets were
compared. To control for meaning
changes, targets were paired: Each pair
consisted of two related words or syn-
onyms, one of low frequency (e.g., blos-
som) and one of high frequency (e.g.,
flower).

Reading speed did increase during the
second reading, and this increase was re-
flected by multiple measures of perfor-
mance. During the second reading, for-
ward fixation duration was shorter, the
number of forward fixations decreased,
and forward saccade length increased.
The number of regressive fixations was
also less during the second reading, but
regressive fixation duration and regres-
sive saccade length did not change.

Regarding the frequency manipula-
tion, we found that low-frequency words
were read more slowly than high-
frequency words during both readings,
which replicated the standard word fre-
quency effect (see Rayner & Duffy,
1986). Both low- and high-frequency
words were read faster during the second
reading and, interestingly, the propor-
tional decreases in fixation times were
roughly equal. That is, there was no in-
teraction between word frequency and
repetition for either fu-st fixation dura-
tion or gaze duration for the target words
(see Table 1).

As does the ERP study of rereading,
this study supports a multicomponent
description of reading. Rereading led to a
change in several performance mea-
sures, including fixation duration, num-
ber of fixations, and saccade length. Fur-
thermore, repetition effects did not inter-
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act with frequency effects, which implies
independent (Sternberg, 1969) or modu-
lar (Fodor, 1983) stages of processing.

Taken together, the ERP and eye
movement studies support the conclu-
sion that changes in rereading behavior
are reflected by multiple factors. The
ERP study (Raney, 1993) showed that
lower level perceptual and comprehen-
sion demands are independent of higher
level memory demands and the re-
sources required by these processes
change from a first to a second reading.
The eye movement study (Raney &
Rayner, 1991) showed that more than
one measure of performance reflects fa-
cilitation (i.e., increased reading speed)
during a second reading and that this
facilitation is not limited to either low-
or high-frequency words. Both the
ERP and the eye movement studies sup-
port a componential description of read-
ing.

The studies just described provide
different, but compatible, types of infor-
mation about rereading. However, con-
verging results will not always be found.
In our own research, we have also found
diverging results when comparing ERP
and eye movement studies. A brief ex-
ample illustrates the usefulness of com-
paring studies even when diverging re-
sults are found.

Morris (1992) examined how a sen-
tence context facilitates reading of
words. Subjects read sentences such as
"The barber trimmed the mustache in
the morning" while their eye movements
were monitored. In some sentences, the
subject noun (barber) and the verb
(trimmed) were mildly related to a target
word (mustache). In control sentences,
the subject noun and verb were replaced
by neutral words (e.g., man and saw).
Morris found that reading the target
words was facilitated (speeded) in the
original sentences compared with the
control sentences. In addition, if either
the subject noun or the verb alone was
replaced by a neutral word, no facilita-
tion was found. This result suggests that,
individually, the subject noun and the
verb did not possess a strong enough re-
lation to the target to facilitate its pro-

cessing, Raney, Fischler, and Hardonk
(1992) conducted an analogous experi-
ment, but recorded ERP responses to the
target words, and found facilitation
(based on N400 amplitude) for sentences
which contained both the original subject
noun and the original verb as well as for
sentences in which only one of those
words was replaced. Thus, ERPs re-
flected priming when fixation times did
not.

Interpreting these different results is
beyond the scope of this article. The
point we want to make is that two para-
digms do not always provide the same
answers to a question. Results that differ
across paradigms serve to point out an
area of study needing clarification. In the
prior example, eye movements and
ERPs might provide opposing data be-
cause they refiect different aspects of
processing, because one measure is
more sensitive than the other, or because
the methodologies are not identical.
Regardless of whether eye movements
and ERPs refiect similar processes, both
measures provide information which
will enhance understanding of the role
of context in sentence processing. Di-
verging results might provide as much
useful information as converging re-
sults.

SUMMARY AND CONCLUSIONS

The studies we described demon-
strate the usefulness of contrasting the
results of research from different para-
digms. As is true for ERPs and eye
movements, directly combining two
measures is not always feasible. Our ap-
proach, which is not limited to ERPs and
eye movements, has been to compare
studies that address similar issues.
The most fruitful comparisons can be
made when studies use common materi-
als. When this is done, converging re-
sults become stronger, and diverging
results have a better chance of being un-
derstood; when one paradigm is com-
pared with another, both paradigms ben-
efit.
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